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ABSTRACT 
The nucleotide diversity (r) in humans is studied by using published cDNA and genomic sequences 

that have been carefully checked for sequencing accuracy. This measure of genetic variability is 
defined as the  number of nucleotide differences per site between two randomly chosen sequences 
from a population. A total of more than  75,000 base  pairs from 49 loci are compared. The DNA 
regions studied are the 5' and 3' untranslated regions and  the amino acid coding regions. The coding 
regions are divided into  nondegenerate sites (i.e., sites at which  all  possible changes are nonsynony- 
mous), twofold degenerate sites ( i e . ,  sites at each of  which one of the  three possible changes is 
synonymous) and fourfold degenerate sites (i.e., sites at which  all three possible changes are synony- 
mous). The r values estimated are, respectively, 0.03 and  0.04%  for  the  5'  and 3' UT regions, and 
0.03, 0.06 and 0.1 1%  for  nondegenerate, twofold degenerate  and fourfold degenerate sites.  Since 
the highest ?r value is  only 0.11 %, which is about  one  order of magnitude lower than those in 
Drosophila populations, the nucleotide diversity  in humans is very  low. The low diversity is probably 
due  to  a relatively  small long-term effective population size rather than any severe bottleneck during 
human evolution. 

H OW much genetic variability exists in human 
populations? We certainly have already learned 

a great deal about this question, for it has been known 
since HARRIS (1966) that  human populations, like 
many other natural populations, contain considerable 
genetic variability (see, e.g., LEWONTIN 1974;  HARRIS, 
HOPKINSON and EDWARDS 1977). For example, the 
average heterozygosity for Homo sapiens estimated 
from electrophoretic data  (based on 121 loci) is 14%, 
which is the same as  that for Drosophila  pseudoobscura 
estimated from 46 loci (see data compiled by NEI  and 
GRAUR  1984). However, can  this observation at the 
protein level be .extrapolated to the nucleotide level? 
Although recombinant DNA techniques have long 
provided us with the necessary tools for addressing 
this question, no extensive study seems to have been 
conducted in  any  human populations. Fortunately, we 
have been able to obtain information for this question 
from published  human DNA sequence data. O u r  
analysis  indicates  that at the nucleotide level the  ge- 
netic variability  in  human populations is one order of 
magnitude lower than  that in D. pseudoobscura. This 
raises an intriguing question: Why should the genetic 
variabilities in the two species differ so greatly at the 
nucleotide level  but not at the protein level? 

MATERIALS AND METHODS 

The DNA sequence data used  in  this study were obtained 
from  the  literature or GenBank. There  are many human 
genes, particularly their coding regions, that have been 
sequenced from two or more individuals. However, the 
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majority  of these sequences are not suitable for  the present 
purpose because their sequence accuracy  has not been ex- 
amined carefully. To  minimize the effect of sequencing 
errors, we chose genes according to the following criteria. 
A pair of sequences have been obtained in the same  labo- 
ratory  and have been carefully checked against each other; 
they were usually one cDNA and  one genomic sequence 
and  the cDNA and genomic libraries used were constructed 
from different individuals. That is, we first investigated the 
availability  of multiple sequences for  a locus (gene) and then 
went back to the original papers to check whether any two 
of them were from the same laboratory and whether the 
original authors have carefully compared the sequences to 
each other. We included only sequences that were accom- 
panied by published comments by the  authors confirming 
that any sequence differences had been checked and cor- 
rected (if an error was detected) or checked and confirmed 
as being different. In the few  cases where the sequences 
originated from different laboratories, nucleotide differ- 
ences were documented by at least one of the two groups 
or by other evidence (such as the availability  of other inde- 
pendently published sequences).  Since  all the nucleotide 
differences between sequences were stated in the original 
papers, the  data we compiled presumably include no or few 
recording  errors. For comparison, we also studied another 
random set  of data  for which the sequences had not been 
checked against each other. 

The measure of genetic variability  used is the nucleotide 
diversity, which  is defined as the  number of differences per 
nucleotide site between two randomly chosen sequences 
from a population (NEI and LI 1979). This measure is the 
same  as the  proportion of different nucleotides between two 
random sequences. When more than two sequences are 
available, the average nucleotide diversity is computed as 
the arithmetic mean  of  all  pairwise  comparisons. We con- 
sider coding and noncoding regions separately (see Table 
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TABLE 1 

Nucleotide diversity in humans 

Noncoding  regions Coding regions 

2-fold  deg. 

Gene” 5’UT  3‘UT Nondegenerate Nonsynonymous Synonymous 4-fold degenerate Refs? 

Acid glycoprotein-a, 

n-Amylase (salivary) 
Adenosine deaminase 

Aldose reductase 
Androgen receptor 
Angiogenin 
Angiotensinogen 
Apolipoprotein A-1 
Apolipoprotein A-I1 

Apoferritin H 
Apolipoprotein E 

Calcitonin/CGRP 
Cathepsin G 
Complement C1 inhib- 

Elongation factor-la 
Erythropoietin 

Factor IX 
Pactor x 
Fibrinogen--y 
Gdx 
Granulocyte colony 

stimulating factor 
Hepatic lipase 
Interleukin-1@ 
Interleukin-5 
Keratin-18 
a-Lactalbumin 
Lactate dehydrogenase 

Lactate dehydrogenase 

itor 

PdCtOr 

A 

B 

Pancreatic polypeptide 
Parathyroid hormone 
Phosphoglycerate ki- 

nase 
Phosphoglycerate mu- 

tase 
Plasmin inhibitor+ 
Prolactin 
Protein C 
Renin 
Ribosomal protein S14 
Steroid 21-hydroxylase 
Superoxide dismutase 

Thrombomodulin 
Tissue plasminogen ac- 

Thymidine kinase 
Triosephosphate iso- 

Tumor antigen p53 
Tumor necrosis factor 
Vasoactive intestinal 

Von Willebrand factor 
Total 

Lyl-1 

(CuIZn) 

tivator 

merase 

polypeptide 

0178 
0172 

0/77 
NA 

0139 
NA 

0186 

016 1 

0174 

NA 

0153 
011 79 

NA 
NA 

013 1 
01.35 

0/199 

019 

0/9 1 

018 

0/109 

0180 

014 
0187 
0144 
0147 
NA 
0125 

017 

0156 
01258 

0174 
0179 

0135 

NA 

0198 
0142 
0133 
0132 
NA 

01150 

014 

012 18 

1/57 
01367 

01135 
01152 
01176 

01163 
113.624 

01143 
013  1 1 
0130 
0137  1 
01139 
01175 
01602 
0157 
011 12 

0/161 
01142 

NA 

01264 

01295 
01565 

011,389 
NA 
01241 
011815 
01853 

018 1 

0/1,800 

2.. 0.71599 
0146 

2, 0.71357 
1/68 
01272 
01565 

0/200 

0176 
01286 

01348 
01434 

0136 

01145 
11729 

01360 
011 72 
0145 

0194 
01492 

011,117 
01755 

017 18 
01659 

NA 
01789 
41767 

0194 
7.4119.769 

0.0003& 0.000Y 0 . 0 0 0 4 ~  0:0001 

013 8 3 
01701 
011,017 

011,773 
016 12 

0127 1 
1/919 
01508 
01188 

0/349 
1/57] 

012  3  5 
01466 
01625 

0191  1 

014,558 
0/359 

01927 
11858 

0/389 
0132  1 

11964 
01525 
01245 

0127  1 
01649 

01655 

01496 
1 0.51173 

018 13 

11495 

11933 
01430 

01795 

01932 
01294 

01297 

0/1,115 
011,077 

01450 
01487 

11762 

01325 
01440 

211,474 
10/34.869 

1/900 

018 1  1 

01221 

01899 

011  34 
012 12 
01301 
0/200 
015 10 
0/100 
01268 
01164 
0160 

01134 
01158 

0180 
01167 
01190 

01245 

111,527 
0/103 

01292 
01300 
01288 
011 13 
0/112 

01301 
01175 
0197 

01106 
01268 

01195 

01195 

0153 
01130 

0172 
01230 

01141 

01277 
01141 
01274 
012  1 7 
0174 
01287 
0187 

01291 
01358 

01129 
01133 

012 10 
01130 
0/108 

01450 
1A0.787 

0.0003 2’0.0001 0.0001 & 0:OOOl 

01134 
012 12 
0130 1 

0/5 IO 
0/200 

0/100 
01268 
01 164 
0160 

0/134 
311 58 

0/80 
01167 
0/190 

01245 
01103 
011,527 

01300 

0/113 

0/292 

11288 

0/112 

0130 1 
01175 
0197 
0/268 
0/106 
01195 

01195 

01130 
0/53 
0172 
012  3 0 

01141 

0/277 
01141 
01274 
012 17 

01287 
0174 

0187 

0129 1 
11358 

01133 
0/129 

012 10 

011 08 
011 30 

0.51450 

5,5110,787 
0.0005 * 0.0002 

0183 

012 15 
21173 

0/47 I 
01133 

0167 
01265 
01126 
0149 

0166 
01168 

0166 

011 54 

01227 
0/114 
01965 

011  29 

01188 
0/20 1 

019 1 
21162 

011 17 

11229 
01104 
0/57 
01208 
0/46 
01149 

01149 

011 72 
0/56 
0149 
01205 

1/121 

0/254 
01107 
01207 
01203 

01260 
0185 

0/75 

013 16 
11248 

011 16 
1/128 

01204 

0174 
01126 

1.31359 
9,318,537 

0.001 1 * 0.0004 

1 

4,  5 
2, 3 

8, 9 
6, 7 

10 
11,12 
13 
14, 15 
16, 17 

20 
18.19 

21,22 
23 

24 
25 
26,27 
28,29 
30 
31,32 
33 
34,35 

36, 37 
38-40 
41-43 

46,47 
44,45 

48,49 

50,51 

52 
53-56 

59,60 

61,62 

63,64 
65,66 
67,68 
69,70 
71 
72 
73,74 

75,76 
77 

80,8 1 
78,79 

82,83 
84,85 
86 

87-9 1 

57,58 

~~ ~~ ~ 

The numbers of sequences  used are three for each of the genes for acid glycoprotein a l ,  interleukin-18, and  interleukin 5, two for the 
pancreatic  polypeptide gene, eight for the von  Willebrand  factor gene, and two for each of the other genes. ’ 1 .  DENTE, CILIBERTO and CORTESE (1985);  2.  ADRIAN, WIGINTON and HUTTON (1984); 3. WIGINTON et al. (1986);  4.  NAKAMURA et al. 
(1984);  5.  NISHIDE et al. (1986);  6. GRAHAM et al. (1989); 7. BOHREN et al. (1989); 8. LUBAHN et al. (1988);  9. LUBAHN et al. (1989); 10. 
KURACHI et al. (1985); 1 1 .  KAGEYAMA, OHKUBO and NAKANISHI  (1984); 12. KUNAPULI and KUMAR (1986); 13. SEILHAMER et ai. (1984);  14. 
MOORE et al. (1984);  15. TSAO et al. (1985); 16. MCLEAN et al. (1984);  17.  PAIK et al. (1985);  18. COSTANZO et al. (1984); 19. COSTANZO et 
al. (1986); 20. JONAS et al. (1985); 21. SALVESEN et al. (1987);  22. HOHN et al. (1989);  23. CARTER, DUNBAR and FOTHERGILL (1988);  24. 
UETSUKI et al. (1989); 25. JACOBS et al. (1985);  26. WOOD et al. (1984);  27. GITSCHIER et al. (1984);  28. MCGRAW et al. (1985);  29. YOSHITAKE 
et al. (1985);  30. LEYTUS et al. (1986);  31. CHUNG and DAVIE (1984);  32. RIXON,  CHUNG and DAVIE  (1985);  33. TONIOLO, PERSICO and 
ALCALAY (1988);  34. NAGATA et al. (1986a); 35. NAGATA et al. (1986b); 36. DATTA et al. (1988);  37. CAI et a/. (1989);  38. CLARK et al. 
(1986);  39. BENSI et al. (1987);  40. NISHIDA et al. (1987);  41.  AZUMA et al. (1986);  42. TANABE et al. (1987);  43. Campbell et al. (1987);  44. 
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1). The  noncoding  regions are divided into the 5’ and 3’ 
untranslated (UT) regions;  flanking  (untranscribed)  regions 
are not considered  because of the paucity of data. In coding 
regions, a site is labeled  nondegenerate if all possible  changes 
at that site are nonsynonymous (amino acid-changing), two- 
fold  degenerate if one of the three possible changes is 
synonymous, and fourfold degenerate if all three possible 
changes are synonymous. The calculation can easily be  done 
by using the computer program of LI, WU and LUO (1985). 

RESULTS 

Nucleotide  diversity: We  have been able to find 49 
genes that are suitable for the present purpose. Table 
1 shows the results  of our analysis. In most  of the cases 
no difference was found between the sequences com- 
pared. In the 5’ UT region, only one nucleotide 
difference is observed; it is in the gene for thymidine 
kinase. (Note  that this region is short in  most genes 
and no adequate data are available for many  of the 
genes under study.) In  the 3’ UT region, variation is 
noted in the genes for  interleukin-la, interleukin-5, 
keratin-1 8, plasmin inhibitor-a and vasoactive  intes- 
tinal polypeptide. At the nondegenerate sites,  varia- 
tion is seen in the genes for angiotensinogen, apoli- 
poprotein E, factor IX, fibrinogen-y, hepatic lipase, 
phosphoglycerate kinase,  plasmin inhibitor-a,  tumor 
antigen p53  and von Willebrand factor. At the two- 
fold degenerate sites,  nonsynonymous  variation is ob- 
served only  in the gene for factor VI11  while  synony- 
mous  variation is observed in the genes for apolipo- 
protein E, fibrinogen-y, tissue  plasminogen activator 
and von Willebrand factor. At the fourfold degener- 
ate sites,  variation is observed in the genes for  aden- 
osine deaminase, fibrinogen-y, hepatic lipase,  phos- 
phoglycerate mutase, tissue  plasminongen activator, 
triosephosphate isomerase and von Willebrand factor. 

The average level  of nucleotide diversity (T) com- 
puted from the pooled data is  low (Table 1). The 
highest  level is only  0.1 1 %, which is observed at  the 
fourfold degenerate sites. The second  highest  level is 
observed at  the two-fold degenerate sites; the synon- 
ymous and nonsynonymous components are 0.05% 
and  0.01%, respectively, and  the total diversity is 
0.06%. The third highest  level, T = 0.04%, is observed 
in the 3’ UT regions, though it is not significantly 
different from the T values  in the 5’ U T  regions and 
at the nodegenerate sites, both being 0.03%. 

Table  2 shows the proportion of nucleotide differ- 

ences  between  sequences that have not been  checked 
carefully  against each other. Obviously, the level is 
much higher than that for carefully  checked  se- 
quences; for example, it is more than ten times higher 
in both the 5’ and 3’ U T  regions. Therefore, un- 
checked  sequences are not suitable for studying nu- 
cleotide diversity. 

Deletions  and  insertions: We  have  also studied 
deletions and insertions. Both  types  of  changes are 
called “gaps” because it is difficult to distinguish  be- 
tween a deletion and an insertion if only  two  sequences 
are available. In all the sequences that have  been 
checked carefully, no gap was found in the coding 
regions in  any  of the sequences. In  the 5‘ U T  region, 
a gap has been found in one of the  three sequences 
from  the locus for  the  interleukin-la gene (Table 3). 
In the 3‘ UT region, a gap has  been found in one of 
the  three  interleukin-la sequences and three gaps 
have been found in the two  sequences from the locus 
coding for  the vasoactive intestinal polypeptide. For 
all the genes studied, the number of  gaps per nucleo- 
tide site is 0.0002 in both the 5’ and 3‘ U T  regions 
(Table 3). These estimates are based on a small num- 
ber of  gaps and so are not reliable. Keeping  this 
caution in mind, we  may tentatively conclude that in 
the 5‘ and 3’ UT regions the number of  gaps per 
nucleotide site is about the same  as the number of 
nucleotide differences per site (Table 1). 

In the unchecked sequences  many  gaps  were found. 
For example, in the two  sequences from the locus for 
APRT, we found 7 gaps  in the 5’ U T  region, one gap 
in the 3‘ U T  region, and 42  gaps  in introns (Table 3 
and footnotes). Among the unchecked  sequences the 
observed number of  gaps per nucleotide site is 0.014 
in the 5’ U T  region and 0.006 in the 3’ U T  regions. 
These values are far too high. Moreover, a gap was 
found in the coding regions in the sequences from the 
locus for  APRT  and  another gap was found in the 
coding regions in the sequences from the locus for 5- 
lipoxygenase;  each of these two  gaps  would  cause a 
shift in the reading frame of the gene. Obviously, 
unchecked sequences are not suitable for studying the 
frequency of gap events in the evolution  of nucleotide 
sequences. 

DISCUSSION 

Although we have  carefully  selected  sequences that 
are suitable for  the present purpose, the data pre- 

<ISHIMA, MILLAN and CECENA (1986);  45. KULESH and OSHIMA (1988);  46. HALL et al. (1982);  47. HALL et al. (1987); 48. TSUJIBO, TIANO 
and LI (1985);  49.  CHUNG, et al.  (1985);  50.  SAKAI et al. (1987);  51. TAKENO and LI (1989);  52. MELLENTIN, SMITH and CLEARY  (1989);  53. 
BOEL et al.  (1984);  54. LEITER, KEUTMANN and GOODMAN (1984);  55. TAKEUCHI and YAMADA (1985);  56. LEITER et al. (1985);  57. HENDY 
et al. (1 98 1); 58. VASICEK et al. (1 983);  59. MICHELSON, MARKHAM and ORKIN (1 983);  60. MICHELSON et al. ( 1  985); 6 1. SHANSKE et al. ( 1  987); 
62. TSUJINO etal. (1989);  63. T o ~ ~ e t a l .  (1987);  64. H I R O S A W A ~ ~  al. (1988);  65. COOKE et al. (1980);  66. TRUONG etal.  (1984);  67. BECKMAN 
et al.  (1985);  68. PLUTZSY et al. (1986);  69. IMAI et al. (1983);  70. MIYAZAKI et al.  (1984); 7 1. RHOADS, DIXIT and ROUFA (1986);  72. WHITE, 
NEW and DUPONT (1986);  73.  SHERMAN  etal.  (1983);  74. LEVANON etal.  (1985);  75. SUZUKI etal.  (1987);  76. S H I R A I ~ ~ ~ L  (1988);  77.  DEGEN, 
RAJPUT and REICH (1986);  78. BRADSHAW and DEININGER (1984);  79. FLEMINGTON et al.  (1987); 80. BROWN et al. (1985);  81. MAQUAT, 
CHILCOTE and RYAN ( 1  985);  82. ZAKUT-HOURI et al.  (1985);  83. LAMB and CROWFORD (1986);  84. PENNICA et al.  (1984);  85.  NEDWIN et al. 
( 1985); 86. TSUKADA et al. (1 985);  87. MANCUSO et al. ( 1  989); 88. SADLER et al. ( 1  985); 89. SHELTON-INLOES, TITANI and SADLER ( 1  986);  90. 
VERWEIJ et al. (1986);  91. GINSBURC et al.  (1989). 

‘ The standard errors  are computed by assuming binomial sampling of nucleotides. 
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TABLE 2 

Nucleotide differences per site between  unchecked  sequences 

Coding  regions 

2-fold deg. 
Noncoding  regions 

Gene" 5'UT 3' Nondegenerate Nonsynonymous  Synonymous generate Refs! 
4-fold de- 

A PKY 017 1 01227 01329 0198 0198 0/110 1 , 2  
Aldose reductase 2/28 91372 11612 01200 0/200 11133 3, 4 
Butylcholinesterase 1/75 01485 0/1,177 0/385 01385 11241 5, 6 
Elongation factor- 101 0153 1/64 019 1 1 0/245 01245 01227 7, 8 
Glutathione peroxidase 11109 0.71209 0138 1 0/100 0.71100 01116 9-11 
Hemopoietic cell kinase NA 7/334 11987 0/298 01298 11227 12,  13 
Interleukin-5 0144 11367 0/245 0197 0197 0157 14,  15 
Keratin 7 0155 NA 11895 01268 1/268 01241 16,  17 
5-Lipoxygenase 3/35 01428 0/1,309 014 18 014 18 01289 18, 19 
Lysozyme 0.7110 21290 0.31282 0.3194 0/94 0/64 20-22 
Peroxidase (thyroid) 0172 01174 3,511,780 0.51523 11523 21493 23,24 
Prolyl 4-hydroxylase 3/29 101401 101978 01324 51324 61216 25,26 
Thrombomodulin 011 50 211,782 1/1,115 0129 1 0129 1 0/316 27,28 
Total 9.71730 32.715133  17.8/11001 0.813341 7.713341 1112730 

0.01 19 0.0064 0.0016 0.0002 0.0023 0.0040 

" Three sequences are used for  each of the  genes  for  glutathione  peroxidase  and lysozyme and only two sequences are used for  each of 
 he other genes. 

'' 1. BRODERICK et al. (1987); 2. HIDAKA et al. (1987); 3. BOHREN et al. (1989); 4. CHUNG and LA MENDOLA (1989); 5. MCTIERMAN et al. 
( 1  987); 6. PRODY et al. (1 987); 7. BRANDS et al. (1986); 8. UETSUKI et al. (1989); 9. SUKENAGA e t  al. (1987); 10. ISHIDA et al. (1987); 1 1. 
MULLENBACK et al. (1 987); 12. QUINTRELL et al. (1 987); 13. ZIEGLER et al. (1 987); 14. TANABE et al. (1 987);  15.  CAMPBELL et al. (1  987); 16. 
(;LASS, KIM and FUCHS (1985);  17. GLASS and FUCHS (1988); 18. DIXON et al. (1988); 19. MATSUMOTO et al. (1988);  20. CHUNG, KESHAV and 
(:ORDON (1988); 21. CASTANON et al. (1988); 22. YOSHIMURA, TOIBANA and NAKAHAMA (1988);  23. KIMURA et al. (1987); 24. KIMURA et al.  
(1989); 25. PIHLAJANIEMI et al. (1987);  26. TASANEN et al. (1988); 27.JACKMAN et al. (1987); 28. SHIRAI e t  al. (1988). 

' Adenine phosphoribosyltransferase. Within introns, 12 nucleotide  differences in 1664 sites. 

sented in Table 1 may not  be completely free of 
errors.  This is because in several cases the differences 
have not  been verified. For  example, in the case  of 
angiotensinogen,  upon seeing a  difference  between 
their  sequence and  that of KAGEYAMA, OHKUBO and 
NAKANISHI (1984), KUNAPULI and KUMAR (1986) re- 
checked the accuracy of their own sequence but  had 
not communicated with KAGEYAMA et al. to confirm 
the difference. As another example, in the case  of 
apolipoprotein E, the two sequences were from  the 
same laboratory and  represented two alleles (E3 and 
E4) that  had  been known to differ by one  amino  acid, 
but  the  authors have made  no  comment  about  the 
three synonymous differences  between the two se- 
quences. 

The observed nucleotide  differences are not  distrib- 
uted randomly among  the  genes  studied, i.e., most of 
the sequence  pairs  were identical whereas a number 
of pairs showed multiple differences. This  nonrandom 
distribution could be  partly due  to variation in muta- 
tion rate  among  regions (WOLFE, SHARP and LI 1989) 
and partly due  to sequence errors, i . e . ,  because some 
sequences were obtained with less care  than  the  oth- 
ers. It could also be partly due  to differences in 
sequence lengths and partly due  to statistical fluctua- 
tions, e.g. ,  the  three synonymous differences  between 
the two apolipoprotein  E sequences could  have oc- 
curred because the two alleles have persisted in the 
population  for  a  long  time. 

The results in Table 1 may be  taken as representing 
the  approximate level of diversity in the American 
white population, because most of the DNA libraries 
used were  constructed  from white Americans. How- 
ever, it probably  represents  an  upper  estimate  for two 
reasons. First, some of the libraries were  from Japa- 
nese,  Europeans,  Australians, or  other groups. (We 
have  contacted many  of the  authors  for information 
about  the  ethnic origins of their sequences but were 
told by quite  a few of them  that such information was 
not available.) Second, as mentioned  above, the  data 
used are probably not completely free of sequencing 
errors. 

It should also be  noted  that  the  genes used  may not 
represent  a  random sample of the human genes since 
they were sequenced because of their biological or 
medical importance.  However,  except  for the case  of 
apolipoprotein E, all the alleles we compared were 
wild-type alleles and were  not selected for any known 
mutations or protein variants. We also note  that many 
authors have used the genomic library provided by T .  
MANIATIS; however, this is unlikely to  produce any 
systematic bias because in each case the individual 
used for  the cDNA library was chosen randomly. 

The relative levels of diversity in different DNA 
regions shown in Table 1 are consistent with the 
relative  degrees of sequence  divergence  obtained 
from  between species comparisons and, like the  later 
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TABLE 3 

Numbers of gaps (deletions or insertions) between  sequences  in 
the 5‘ and 3‘ UT regions 

Gene 5‘UT 3’UT 

A. Checked sequences (same as those in Table 1 )  
Interleukin-l@ 0.7177 0.71599 
Vasoactive intestinal polypeptide 01176 31767 
Other  genes 0/3,37 1 011 8,403 

Total  0.713.624  3,7119,769 
0.0002 0.0002 

APRT“ 717 1 11227 
Aldose reductase 0128  21372 
Butylcholinesterase 0175  71485 
Elongation factor-la 0153  0164 
Glutathione peroxidase 0/109  0.71209 
Hemopoietic cell kinase NA 41334 
Interleukin-5’ 0144  01367 
Keratin-7‘ 0155 NA 
5-Lipoxygenased 2/35  31428 
Lysozyme 0110  41290 
Peroxidase (thyroid) 017 1 01174 
Prolyl 4-hydroxylase 0129  6/40 1 
Thrombomodulin‘ 11150  411,782 

Total  101730  31.7/5,133 

B. Unchecked  sequences (same as those in Table 2) 

0.0 137 0.0062 

In the  5’ flanking region, 10 gaps1513 sites; within introns, 42 
gaps11664 sites. ’ In the  5’ flanking region,  5  gaps1508 sites; within introns,  8 
TA ~11265  sites; in the  3’ flanking region,  18  gaps1660 sites. ‘ ‘One single nucleotide  deletion (error) in the  coding  region of 
the cDNA sequence causing a shift in reading frame. 

“ One two-nucleotide deletion (error) in the  coding  region  of  the 
cDNA sequence causing a shift in the  reading  frame. 

‘ In the 5’ flanking region, 0 gap1402 sites; in the  3’ flanking 
region,  7 gaps1165 sites. 

observations, can be explained by the relative  strin- 
gencies of selective constraints in different  regions 
(see LI ,  WU and Luo 1985).  For  example, in coding 
regions,  nondegenerate sites and  fourfold  degenerate 
sites would be subjected  to, respectively, the strongest 
and  the weakest selective constraints and would show, 
respectively, the lowest and  the highest level of diver- 
sity. In fact, this is the case and  the level of diversity 
a t  fourfold degenerate sites is about  four times higher 
than  that  at  nondegenerate sites, which is about  the 
same  ratio  obtained  from  between species compari- 
sons (see LI,  WU and Luo 1985). As another  example, 
the 5’ U T  region is in general  more conservative than 
the 3‘ U T  region and so the diversity at  the 5’ U T  
region would tend  to be lower than  that at  the 3’ U T  
region,  though in the present case the  difference is 
not significant because the sample is not large  enough. 

Table 1 suggests that  the nucleotide diversity in 
humans is at most of the  order of 0.1. There  are  three 
possible explanations for this low value: the  mutation 
rate in humans is low, the effect$e population size of 
the human species has been  reHtive small  in the past, 
or the species has gone throlrgh  a  severe  bottleneck 

in the  recent past. There  are two lines of evidence 
against the second possibility. First, chimpanzees and 
humans  share many common alleles at loci for  major 
histocompatibility complex ( M H C )  genes (LAWLOR et 
al. 1988; MAYER et al. 1988). If the human lineage 
ever went through any severe  bottleneck, most of 
these “trans-species” polymorphisms would have been 
lost  in the  human species. Incidentally, it is interesting 
to note  that alleles at a class I MHC locus may differ 
from each other  at many nucleotide sites (see MAYER 
et al. 1988).  This is in sharp contrast with the  obser- 
vation that most of the sequence pairs in Table 1 are 
identical while the  others  differ  at most at only a few 
sites. One simple explanation  for the large  differences 
between MHC alleles is that they have been main- 
tained in the population  for  a long time by overdom- 
inant selection (HUGHES and NEI 1989). It should  be 
noted  that even under  overdominant selection many 
of the polymorphic alleles would have been lost, had 
a  severe  bottleneck  occurred in the past [see Takahata 
(1990)  for  a  theoretical  treatment].  Second, XIONC et 
al. (1  99 1)  estimated  that  both  a  Japanese and a Ven- 
ezuelan apolipoprotein C-I1 deficiency alleles have 
persisted in the  human population  for  more  than 
500,000 years because their  nucleotide sequences dif- 
fer  from  that of the normal  human allele more  than 
does the normal  chimpanzee sequence. Had  a severe 
bottleneck  occurred in the  human  population,  neither 
of these alleles would have persisted for so long. 

The result in Table 1 can be used to estimate the 
heterozygosity at  the  protein level in American whites. 
By definition, the heterozygosity in a  random  mating 
population is the probability that two randomly cho- 
sen protein sequences are different.  In  the  present 
study  among the approximately 49 pairs of sequences 
examined,  10  pairs  differ by at least one nonsynony- 
mous difference and so the average heterozygosity at 
the  protein level is 10/49 = 20.4%. Obviously, the 
heterozygosity for  a  protein is dependent on its size. 
The expected heterozygosity for  an average  protein 
can be  estimated  as follows.  We first compute  the 
average number of nonsynonymous site per  gene (LN)  
by counting each nondegenerate site as one nonsy- 
nonymous site and each twofold denerate site as 2/3 
of a nonsynonymous site. For the  49 genes studied, 

858.  On  the  other  hand,  the average  number of 
nucleotide  differences per nonsynonymous site is (1 0 
+ 1)/42,060 = 0.00026, since 10 differences were 
observed at  nondegenerate sites and 1  difference was 
observed at twofold degenerate sites and since the 
total number of nonsynonymous sites is 42,060.  Thus, 
for  an average  gene with 858 nonsynonymous sites 
the probability (heterozygosity) that two randomly 
chosen sequences differ by at least one nonsynony- 
mous difference is 1 - (1 - 0.00026)”8 = 20.0%, 

LN = (34,869 + 10,787 X 2/3)/49 = 42,060/49 
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TABLE 4 

Nucleotide diversity in species of Drosophila 

D. pseudoob- D. simulans D. melanogaster scura 

Length Length  Length 
Regions" (kb) ?r (kb) T (kb) T 

Adh 32 0.026 13 0.015 13 0.006 

rosy 5 0.013 100 0.018 100 0.005 

Average (weighted) 0.022  0.018 0.005 

Amy 26 0.019 15 0.008 

Data compiled by AQUADRO (1 99 1). Sample sources: in D. pseu- 
doobscura,  Adh from California ( 1  location); Amy from California (3 
locations),  British Columbia, Baja California (Mexico), Hidalgo 
(Mexico), and Bogota (Columbia); rosy from several lines from 
several locations across the western United States. In D. simulans 
and D. melanogaster, adh and Amy from several east coast United 
States populations; rosy from  a single collection site. 

Only autosomal regions are used so that  a comparison can be 
made with the nucleotide diversity in Table 1, which is estimated 
mostly from autosomal genes. 

which is close to the average heterozygosity computed 
above. 

The above computation refers to the heterozygosity 
at the protein sequence  level.  At the electrophoretic 
level, the heterozygosity is expected to be  lower. NEI 
and  CHAKRABORTY (1973) estimated that  about  33% 
of  amino  acid changes are expected to cause a charge 
change in a protein. Using  this  value, we estimate that 
for an average protein the expected heterozygosity at 
the electrophoretic level  is 1 - (1 - 0.33 X 0.00026)s58 
= 7.4%. This is close to  the average heterozygosity 
(7.3%) in  whites  of European origin computed from 
electrophoretic data of 87 loci (HARRIS, HOPKINSON 
and EDWARDS 1977). 

We  now compare the nucleotide diversity in man 
with  those in Drosophila  populations. Table 4 repre- 
sents a summary  of the nucleotide diversity  in three 
Drosophila species estimated from restriction enzyme 
data. Although restriction enzymes do not detect all 
variation  between  sequences, the level  of nucleotide 
diversity estimated by this method for the Adh region 
(LANGLEY, MONTGOMERY and QUATTLEBAUM 1982) 
is the same  as that obtained by direct nucleotide 
sequencing (KREITMAN 1983). Moreover, results of 
detailed surveys of the rosy region by 4-base recogni- 
tion enzymes  in both D. pseudoobscura (RILEY, HALLAS 
and LEWONTIN 1989) and Drosophila  melanogaster (C. 
F. AQUADRO, personal communication) gave  similar 
estimates  as those obtained from 6-base recognition 
enzymes. We  may therefore assume that  the values  in 
Table 4 are reasonably accurate estimates of the levels 
of nucleotide diversity in the regions studied. The 
average of the estimates  in each species  may be taken 
as the average nucleotide diversity  in noncoding re- 
gions  because the  three regions contain mostly  se- 
quences that do not code for amino acids. 

In D. pseudoobscura the average nucleotide diversity 

for the  three regions is 2.2% (Table 4). Since  this 
represents largely the diversity in noncoding regions, 
it cannot be directly compared with the estimates for 
humans shown  in Table 1. However, RILEY, HALLAS 
and LEWONTIN (1 989) and M. RILEY (personal com- 
munication) have found that  the silent  sites in the 
XDH have a higher nucleotide diversity than introns 
and  the 5' flanking region. Moreover, comparative 
analyses  have  shown that in  mammalian  genes the  rate 
of nucleotide substitution at fourfold degenerate sites 
is only  slightly  lower than that in pseudogenes, sug- 
gesting that fourfold degenerate sites are subject to 
only  weak  selective constraints (see  LI and  GRAUR 
199 1). Therefore,  the nucleotide diversity at fourfold 
degenerate sites  in human genes (T = 0.11%) is un- 
likely to be  twofold  lower than that in noncoding 
regions. Although the human genes studied were 
mainly from American  whites, the Drosophila  samples 
were from even  smaller  regions in  America  (see Table 
4 footnotes). We  may therefore conclude that in non- 
coding regions the nucleotide diversity in humans is 
one  order of magnitude lower that in D. pseudoobscura 
(T = 2.2%).  This is in sharp contrast to the observation 
that at the electrophoretic level,  humans and D. pseu- 
doobscura show  similar  levels  of genetic variability  (see 
the  Introduction). 

Why should the level  of nucleotide diversity differ 
so much  between the two  species, though at  the elec- 
trophoretic level the average heterozygosity is similar 
in the two  species? A simple explanation is to assume: 
(1) the majority  of nucleotide changes in nonconding 
regions are selectively neutral or almost neutral 
whereas the majority of electrophoretic variants are 
slightly deleterious and (2) the long-term effective 
population size  in D. pseudoobscura is considerably 
(say, ten times) larger than that in H.  sapiens. Under 
these two  assumptions the level  of nucleotide diversity 
will be much higher in D. pseudoobscura than in H.  
sapiens because a larger population can accumulate 
more neutral mutations than  a smaller one. On the 
other  hand,  the former species may not necessarily 
have a higher heterozygosity for electrophoretic var- 
iants than the  latter because  selection  against  slightly 
deleterious mutations is more effective in a large 
population than in a small one. If the above  two 
assumptions are correct,  then  the contrast in the ex- 
tent of genetic variability at  the two  levels  between 
the two  species supports OHTA'S (1 974) hypothesis  of 
slightly deleterious mutation. A similar explanation 
for the lower nucleotide diversity in D. melanogaster 
than in D. simulans has  been put forward earlier by 
AQUADRO, LADO and NOON (1988). For a different 
view on  the maintenance of nucleotide diversity in 
Drosophila,  see KREITMAN and HUDSON ( 199 1). 

The average nucleotide diversity  in D. melanogaster 
is 0.05% (Table 4). This is much  lower than that in 
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D. pseudoobscura, probably due  to  a smaller  effective 
population size (CHOUDHARY and SINCH 1987; 
AQUADRO 1991). However, it is considerably higher 
than that in humans.  Since among all the Drosophila 
species studied to date, D. melanogaster has the lowest 
level  of nucleotide diversity  (see the review by 
AQUADRO 1991), we  may conclude that  the level  of 
nucleotide diversity  in human populations is much 
lower than those in  Drosophila populations. 

Finally, we  discuss  how to test the significance  of 
difference in nucleotide diversity (T) between  two 
populations or species.  For  this purpose one first 
computes the variance  of T for each population. For 
nucleotide sequence data, this  variance  can  be  com- 
puted by assuming  binomial  sampling  of nucleotides 
as in Table 1. That is, V(T) = ~ ( l  - x) /L ,  where L is 
the total number of nucleotide sites compared and T 
is the average value over all  sequences. For restriction 
enzyme data,  the variance  can  be computed by using 
NEI and TAJIMA’S (1 98 1) formula. Now suppose that 
we have  two  values, T I  and TZ, and want to test the 
hypothesis ?rl = TZ. Let d = T I  - TZ. Then the variance 
of d is given by V ( d )  = V(T~) + V(TI) and  the  standard 
error a ( d )  is the square root of V ( d ) .  Under  the 
assumption of normal distribution, one can  test 
whether the mean  of d is larger than 2a(d ) .  The 
assumption of normality should hold approximately if 
both L1 and LZ are large. If either L1 or Lz is small, 
one may  use the t-test; however, one problem with 
the t-test is that  the assumption  of equal variances, i e . ,  
V ( n )  = V(sZ), may not hold well. Since the above 
hypothesis is T I  = TZ, we use a two-sided  test. If the 
hypothesis is, say, ?rl > 1r2, then  a one-sided test should 
be used. 

In the preceding discussion we have not considered 
the effect of sequencing errors.  This factor is not easy 
to treat because it depends on the skill and carefulness 
of the person  who does the sequencing work and also 
depends on other factors such  as the GC-richness  of 
the sequences. However, if the  error  rate is known to 
be at least e,  then to test whether d is significantly 
different from 0, one may test whether Id1 - e is 
significantly greater than 0. On  the  other  hand,  for 
testing the hypothesis  of r1 > ~ 2 ,  one may test whether 
T I  - TZ - e is significantly greater  than 0. 

In the above comparison of  the T values  between 
humans and Drosophila species we have not conducted 
a formal  statistical  test  because the variance  of T is not 
available for the latter. However, the difference in T 
values is so large that the difference is probably  statis- 
tically  significant. 
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